Abstract para-Nonylphenol (NP) showed a dose-dependent inhibition against the cell growth of Bacillus subtilis, Micrococcus luteus, Pseudomonas aeruginosa and Staphylococcus aureus at 5^100 WM. However, other typical plastic-derived endocrine disruptors such as bisphenol A and di-2-ethylhexyl phthalate (DEHP) did not significantly affect the cell growth of these bacteria at 5^100 WM. The NP-induced cell growth inhibition was restored when concomitantly supplemented with lipophilic antioxidants such as K-tocopherol and L-carotene, but not with hydrophilic antioxidants, ascorbic acid and (3)-epigallocatechin gallate (EGCG). NP also suppressed in a dose-dependent manner cellular oxygen consumption and glucose-induced proton extrusion of these bacteria at 10^100 WM. Both effects were prevented when added with K-tocopherol and L-carotene, but not with ascorbic acid and EGCG. The significance of these results is discussed from the viewpoint of environmental microbiology and a possible biochemical mechanism of the inhibitory effect of NP is suggested. ß
Introduction
In the 20th century, various plastics have been developed and widely used in the daily life of people all over the world. However, these products and their degradation compounds seriously contaminate air, water and soil, causing various types of hazard for wild animals [1, 2] . Among them, alkylphenols included in plastics such as polyvinylchloride (PVC) and polystyrene as plasticizers [3] are degraded to free nonylphenol (NP) in sewage sludge [4] . NP may leak from plastics and contaminate water £owing through PVC tubing [5] .
Furthermore, NP leaks from autoclaved plastic, which increases the cell growth and progesterone receptor expression of mammary tumor cells [6] , and stimulates estrogeninduced vitellogenin synthesis in ¢sh hepatocytes [7] . However, the e¡ect of NP on cell growth and physiological functions of bacteria have been poorly analyzed, although bacterial growth and metabolism are fundamental factors for biomass production and bioremediation in the ecosystem of water and soil environments [8] .
In the present study, we analyzed the e¡ect of NP on the growth and physiological functions of bacteria commonly used in microbiological studies. NP inhibited cell growth, oxygen consumption and glucose-induced proton extrusion of bacteria, and these inhibitory e¡ects were e¤ciently prevented by the addition of lipophilic antioxidants, K-tocopherol and L-carotene. The signi¢cance of these ¢ndings is discussed from the aspect of environmental and biochemical microbiology.
Materials and methods

Chemicals
NP, bisphenol A, di-2-ethylhexyl phthalate (DEHP), K-tocopherol, L-carotene and ascorbic acid were purchased from Kanto Chemical Co. (Tokyo, Japan). (3)-Epigallocatechin gallate (EGCG) was a kind gift from Dr. S. Sakanaka (Sun Chemical Co., Mie, Japan). NP was dissolved in methanol as 20-mM stock solution and other chemicals were dissolved in ethanol as 10-mM stock solution.
Measurement of cell growth activity of bacteria
Bacillus subtilis (IFO-3007), Micrococcus luteus (IFO-3333) and Pseudomonas aeruginosa (IFO-3080) were obtained from Institute of Fermentation (Osaka, Japan). Staphylococcus aureus (NCTC-8530) was obtained from the American Type Culture Collection (ATCC). They were cultured using Bouillon medium (Ei-Ken Kagaku Co., Tokyo, Japan), which contained 5 g of meat extract, 15 g of polypeptone, 5 g of NaCl and 5 g of K 2 HPO 4 per liter. The bacteria were inoculated into 5 ml of Bouillon medium in a test tube at a density of approximately 10 6 ml 31 with or without test chemical compounds and further cultured with vigorous shaking (120 rpm) at 37³C. The cell density during growth was measured at an absorbance of 610 nm using a Shimadzu UV-265 spectrophotometer (Kyoto, Japan).
Assay for the cellular respiratory activity
The cellular respiratory activity was assayed by a modi¢cation of the previously reported method [9] . Bacteria were grown in semisynthetic lactate medium (SSM), which contained 3 g of yeast extract, 0.5 g of glucose, 0.5 g of CaCl 2 , 0.5 g of NaCl, 0.6 g of MgCl 2 , 1 g of KH 2 PO 4 , 1 g of NH 4 Cl 2 and 22 ml of 90% DL-lactate (pH 5.5) at 37³C for 18 h. They were further cultured in SSM at 30³C, collected and suspended in 10 mM HEPES (N-[2-hydroxyethyl]-piperazine-N-[2-ethanesulfonic acid]) bu¡er (Sigma Chemical Co., pH 7.4) containing 50 mM glucose at a cell density of 10 7 ml 31 . After the preincubation with shaking at 30³C for 10 min, the respiratory activity was measured polarographically in a small sized chamber with an oxygen electrode (Model-100, Rank Brothers Ltd., Cambridge, UK) at 30³C in the presence of NP and antioxidants.
In initial experiments, after the addition of 2 M glucose (pH 7.4) to the bacterial suspension at a ¢nal concentration of 50 mM, di¡erent concentrations of NP were added with mixing and the respiratory activity was measured as described above. In subsequent experiments, after the addition of glucose at 50 mM and di¡erent concentrations of antioxidants, 50 WM NP was added with mixing and the respiratory activity was measured as described above. Concentrations of solvents for chemicals such as methanol or ethanol in the assay mixture were less than 0.5% (v/v) respectively, which were assayed as control experiments.
Assay for glucose-dependent proton extrusion activity
Glucose-induced proton extrusion of the cell membrane ATPase was measured by a modi¢cation of the previously reported method [10] . Bacteria were grown in Bouillon medium for 18 h at 37³C with vigorous shaking, collected and washed twice with distilled water. The pH of the suspension in water (10 8 ml 31 ) was adjusted to 7.5 by 0.1 M NaOH and the incubation continued until pH 7.0 with stirring at 30³C. After the addition of various concentrations of NP and antioxidants, 2 M glucose (pH 7.0) was applied to the suspension at a ¢nal concentration of 25 mM with stirring at 30³C. The pH of the cell suspension was monitored by a Horiba pH meter (Model F-8, Kyoto, Japan) at 30³C with stirring.
In initial experiments, after the treatment of di¡erent concentrations of NP, 25 mM glucose was added to the suspension at 30³C with stirring. The extracellular pH was monitored as described above. Concentrations of solvent for NP (methanol) were less than 0.5%, which did not a¡ect proton extrusion in the control experiment.
Subsequently, after the pretreatment with di¡erent concentrations of antioxidants following the addition of 50 WM NP, 25 mM glucose (pH 7.0) was added to the bacterial suspension at 30³C with stirring.
Results
E¡ect of NP on the growth of bacteria
We ¢rst examined the e¡ect of bisphenol A, DEHP and NP on the growth of four bacterial species commonly used in microbiological studies. Among them, NP caused a dose-dependent inhibitory e¡ect. As shown in Table 1 , higher concentrations of NP (25^100 WM) caused complete inhibition of the growth of B. subtilis, M. luteus, P. aeruginosa and S. aureus, and 5 and 10 WM NP showed relatively moderate inhibitory e¡ects. Much lower concentrations (0.1 and 1 WM) of NP were not inhibitory. However, other typical plastic-derived endocrine disruptors such as bisphenol A and DEHP did not show signi¢cant e¡ects on the growth of these bacteria at 5^100 WM (not shown).
Protective e¡ects of antioxidants on NP-induced growth inhibition
In the present study, bacteria were cultured aerobically, and we considered that the NP-induced growth inhibition might be associated with oxidative stress during cell culture. To test this hypothesis, we examined the protective e¡ect of the various types of antioxidants, K-tocopherol, L-carotene, ascorbic acid and EGCG on NP-induced cell growth inhibition. As indicated in Table 2 , 25 WM K-tocopherol showed a strong protective e¡ect on the growth inhibition of all bacteria induced by 25 WM NP, and 5 WM K-tocopherol exhibited weak but signi¢cant protective activities. Furthermore, the same concentrations of L-carotene exhibited relatively weak activities compared with K-tocopherol. However, hydrophilic antioxidants, ascorbic acid and EGCG did not show signi¢cant e¡ects in a few experiments, in which 25 WM hydrophilic antioxidants exhibited very weak protective activities (Table 2 ). These results suggest that NP-induced growth inhibition is e¤-ciently protected by lipophilic antioxidants.
E¡ects of NP and antioxidants on the cellular respiratory activity of bacteria
From the above result, we considered that NP-induced oxidative stress might be associated with the respiratory activity of the bacteria, and analyzed polarographically the e¡ect of NP on the oxygen consumption of bacteria using an oxygen electrode. As illustrated in Fig. 1 , NP from 10 to 100 WM caused a dose-dependent suppression on oxygen consumption of S. aureus. However, 1 and 5 WM NP did not signi¢cantly a¡ect oxygen consumption The bacterial cell culture was initiated at the cell density of approximately 10 6 cells ml 31 in the presence and absence of NP and cultured for 5 h at 37³C with vigorous shaking. Absorbances at 610 nm of the bacterial cell suspension with and without NP were compared as the relative cell growth activity (%), which was expressed as the average of duplicate assays. NP was dissolved with methanol as a stock solution and ¢nal concentrations of methanol in the culture medium were less than 0.5% (v/v), which did not signi¢cantly a¡ect bacterial growth.
(data not shown). Furthermore, treatment with 50 WM K-tocopherol and L-carotene caused complete protection against the inhibition of oxygen consumption induced by 50 WM NP, and 10 WM K-tocopherol and L-carotene showed a moderate protective e¡ect. However, the same concentrations of ascorbic acid or EGCG did not show signi¢cant e¡ects (data not shown). Similar results were obtained with B. subtilis, M. luteus and P. aeruginosa.
E¡ects of NP and antioxidants on the glucosedependent proton extrusion activity of bacteria
As another target site of NP action, we analyzed the e¡ect of NP on glucose-dependent proton extrusion, because cellular respiration is associated with bioenergetic metabolism [11] . When added with 25 mM glucose, the extracellular pH of the S. aureus suspension decreased drastically in a few minutes, and then gradually decreased to a minimum of approximately pH 5.5 (Fig. 2) . When supplemented with 10^100 WM NP before the addition of glucose, the glucose-induced extracellular acidi¢cation was suppressed in a dose-dependent manner (not shown). However, treatment with 50 WM K-tocopherol or L-carotene prevented the 50 WM NP-induced inhibition of glucose-dependent proton extrusion, and 10 WM K-tocopherol and L-carotene moderately protected against this inhibition (Fig. 2) . Additionally, ascorbic acid or EGCG did not show signi¢cant protective e¡ects. Similar results were obtained in the same experiments using B. subtilis, M. luteus and P. aeruginosa.
Discussion
We carried out the present study as a model for estimating the in£uence of plastic-derived environmental endocrine disruptors on the microorganisms in water and soil environments. Although harmful e¡ects of these chemicals on various animals such as insects, ¢sh, birds, amphibians, reptiles and mammals in natural environments have been known previously [2, 3] , detailed studies of the e¡ect of endocrine disruptors on bacteria have not been reported.
Our present study showed that NP causes suppressive e¡ects on the growth, cellular oxygen consumption and proton extrusion of four bacteria (B. subtilis, M. luteus, P. aeruginosa and S. aureus) at 10^100 WM in in vitro experiments. However, other typical plastic-derived endocrine disruptors such as bisphenol A and DEHP did not show signi¢cant inhibitory e¡ects on the cell growth of these bacteria at the same concentrations. The previous reports indicated that alkylphenols contained in plastics such as PVC are degraded to free NP in sea water and sediment [4] , and that aerobically and anaerobically treated sewage sludges contain high concentrations of NP, 4.7 mmol/kg and 1.3 mmol/kg, respectively [12] . Judged by our present ¢nding, these concentrations of NP seem to cause serious e¡ects on the growth and functions of bacteria in natural environments. Furthermore, we showed that supplementation with lipophilic antioxidants (K-tocopherol and L-carotene) prevents NP-induced inhibition of the cell growth and physiological functions of bacteria, which may be applicable to the protection against the NP-induced harmful e¡ects on bacteria in a natural environment.
In addition, we examined in a similar experiment a parent compound of NP, NP monoethoxylate (NPE) which is widely used as an industrial surfactant [3] . This compound did not show signi¢cant inhibitory e¡ects on the cell growth and glucose-dependent proton extrusion of bacteria at 100 and 200 WM (not shown), which may be due to the lower octanol^water partition coe¤cient value of NPE than that of NP [7] . Furthermore, a control nonionic detergent, Triton X-100, did not cause inhibitory e¡ects on the cell growth and proton extrusion at the concentrations of 0.0015^0.003% (v/v) equivalent to 50 and 100 WM NP (not shown). These results suggest that NP has a speci¢c modulating activity for bacterial cell growth and functions besides the physicochemical property as a general detergent.
Although 25 and 50 WM NP showed moderate inhibition against the cellular respiration and proton extrusion of bacteria (Fig. 1) , the same concentrations of NP caused complete suppression of the cell growth (Table 1) . Although the reason for the di¡erence of NP e¡ects between cell growth and these physiological functions is not clear, a possible explanation can be suggested. The assays for the cellular physiological functions re£ect relatively early events (less than 15 min) after the treatment of NP compared with the assay for cell growth. Cellular respiration and glucose-dependent proton extrusion are tightly linked to each other in bacterial bioenergetics and their activities might a¡ect growth [13] . The strong growth-inhibiting e¡ect of NP seems to be derived from cumulative damage, resulting from the initial restriction of cellular physiological functions or multiple target sites of NP action in bacteria. NP-induced inhibition of cell growth, cellular respiration and glucose-dependent proton extrusion were e¤ciently protected by the lipophilic antioxidants (Ktocopherol and L-carotene), but not by hydrophilic antioxidants (ascorbic acid and EGCG). This result indicates that one major target site of NP may be the lipid fraction of the plasma membrane in bacteria, because lipophilic antioxidants might easily penetrate into the plasma membrane and protect free and membranous lipids from attack by NP.
Furthermore, it has been known that proton-translocating ATPase is localized in the plasma membrane of bacteria [14] . Previous studies indicated that NP suppresses Ca-ATPase activity in muscle sarcoplasmic reticulum in in vitro experiments [15] and also inhibits Ca-ATPase activity in the reconstitutive system using native or arti¢cial lipids by modulating the equilibrium constant for the phosphorylation of ATPase [16] . These prokaryotic and eukaryotic ATPase have common protein structures and functions including ATP-hydrolyzing, -synthesizing and proton extruding activities [17] . Thus, the previous data and our results suggest a possibility that NP suppresses the proton ATPase function by modulating ATPase or the membranous lipids. To test this possibility, the direct action of NP and antioxidants on proton ATPase or membranous lipids should be analyzed using the reconstitutive system of the puri¢ed ATPase and lipids.
Furthermore, cellular oxygen consumption of bacteria re£ects the activity of respiratory chain localized in the plasma membrane of bacteria. Although the structure and functions of the respiratory chain have not been determined completely, previous studies indicated that this enzyme system consists of ubiquinone, NDH-ubiquinone oxidoreductive enzyme (complex I), cytochrome oxidase (complex III) and ubiquinol oxidase [10] . Interestingly, ubiquinone is a simple hydrophobic molecule and most of previously known strong inhibitors of cellular respiration attack the binding regions of this molecule [18] . As a possibility, NP might a¡ect ubiquinone or ubiquinone-associated molecules to suppress cellular respiratory activity. Although we have no direct evidence for this hypothesis at present, this possibility should be investigated.
Generally, bacterial growth and metabolic activities are fundamental factors for biomass production and bioremediation in the ecosystem. Thus, the present ¢nding provides a useful indication of the in£uence of plastic-derived endocrine disruptors for bacterial biomass production and bioremediation in natural environments.
